Influenza A virus strains adapt to achieve successful entry into host species. Entry is mediated by the viral membrane protein hemagglutinin (HA), which triggers membrane fusion and genome release under acidic conditions in the endosome. In addition to changes in the receptor binding domain, the acid stability of HA has been linked to the successful transmission of virus between avian and human hosts. However, to fully understand the connection between changes in HA and host tropism, additional factors relevant to HA structure-function and membrane fusion are also likely to be important. Using single-particle-tracking (SPT) techniques, individual membrane fusion events can be observed under specific conditions, which provide detailed information regarding HA pH sensitivity and acid stability and the rate and extent of membrane fusion. This provides a comparative way to characterize and distinguish influenza virus fusion properties among virus strains. We used SPT to quantify the fusion properties of three H3 influenza strains: A/Aichi/68/H3N2 (X:31), A/Udorn/72/H3N2 (Udorn), and A/Brisbane/07/H3N2 (Brisbane). The rate of fusion for the most clinically relevant strain, Brisbane, is generally insensitive to decreasing pH, while the fusion of the egg-adapted strains Udorn and X:31 is strongly dependent on pH (and is faster) as the pH decreases. All strains exhibit similar acid stability (the length of time that they remain fusogenic in an acidic environment) at higher pHs, but the eggadapted strains become less acid stable at lower pHs. Thus, it appears that the laboratory-adapted H3 strains tested may have evolved to compensate for the faster HA deactivation at low pH, with a commensurate increase in the rate of fusion and number of proteins facilitating fusion, relative to the Brisbane strain.
IMPORTANCE
The ability of influenza virus to release its genome under different acidic conditions has recently been linked to the transmission of influenza virus between different species. However, it is yet to be determined how acid-induced membrane fusion varies with virus strain and influences tropism. The results presented here are the results of an intra-H3-subtype study of acid stability and fusion kinetics. Using a single-particle-tracking (SPT) technique, we show here that the highest pH that initiates fusion is not necessarily the pH at which the kinetics of fusion is fastest and most abundant for a given strain. Strains exhibit different fusion behaviors, as evidenced by their unique kinetic trends; pH sensitivities, as evidenced by the differences when the first fusion events commence; and HA stabilities, as evidenced by the length of time that virions can persist in an acidic environment and still be fusion competent. E ntry of influenza virus into host cells is mediated by the coat protein hemagglutinin (HA) (1, 2) . HA mediates two important processes for entry: receptor binding and membrane fusion. During viral replication, HA is synthesized as a single polyprotein, HA 0 . HA 0 is proteolytically cleaved into two subunits, HA 1 and HA 2 , which primes the protein for membrane fusion (3) (4) (5) . During entry, HA 1 binds to sialic acid receptors on the host cell plasma membrane, which triggers its uptake into the cell by clathrin-mediated endocytosis. Next, during the course of acidification of the endosome, low pH triggers HA 2 to undergo a conformational change, which mediates fusion of the viral and endosomal membranes. It is the acid stability of HA that controls when the fusion process commences and the timing of viral genome release into the cytosol (6) (7) (8) (9) .
The timing of genome release impacts downstream steps in viral replication. Upon release, the genome must be transported to the nucleus (10) . If the genome is released too early in the endocytic pathway, it decreases the likelihood of viral RNA (vRNA) reaching the perinuclear region. Additionally, prolonged exposure to the cytosolic environment may also result in genome inactivation (11) . In contrast, if the virus stays in the endosome for too long, the increasingly acidic environment may denature HA or other viral proteins and hinder the release of the genome. Thus, it appears that there may be a critical "window of time" corresponding to an intermediate-pH range, during which the genome must be released to maximize viral infection.
The importance of critical timing of genome release is further bolstered by the observations that the threshold pH at which fusion is first observed can vary among different serotypes of HA and may correlate with virulence. HA from highly pathogenic avian influenza (HPAI) virus typically activates at between pH 5.3 and 5.9 (12) (13) (14) , while HA from human seasonal viruses undergoes fusion closer to pH 5.0 (15) . However, when pandemic H1N1 (A/California/7/2009) emerged, it had a high pH of fusion of 5.4, but recent work by Cotter et al. (16) revealed an HA mutation in circulating pandemic H1N1 (pH1N1), which has a reduced pH of fusion from 5.4 to 5. This indicates that circulating strains of pH1N1 could be becoming more acid stable. In experiments where the activation pH of avian H5 was altered by a single amino acid substitution, Reed et al. (17) showed that viral replication and duck mortality decreased when two specific mutations corresponded to an increase in the pH of HA activation to 6.3 or a decrease in the pH of activation to 5.4. In these experiments, the authors found that infection in mallards was not supported at activation pHs above 6.2 and below 5.5, suggesting that there is an optimal range of pHs for influenza virus infection. Similarly, Zaraket et al. (18) found that mutations in H5 that triggered HA activation at between pH 5.9 and 5.6 supported greater growth in mice than mutations that triggered fusion at pH 6.3.
Given these critical observations, the acid stability of HA was recently proposed to be a virulence marker (17) (18) (19) (20) (21) . Acid stability is typically defined as the first pH at which membrane fusion is first observed during a fusion assay. However, the typical assays to characterize HA-mediated membrane fusion and, thus, HA acid stability have a number of limitations. The acid stability of HA is typically determined in one of three ways. In the first method, cells are transfected with the HA of interest, and cell-cell fusion is induced by incubating the HA-expressing cells in a low-pH environment until adjoining cell membranes fuse, creating "syncytia" (11, 12, 22, 23) . Syncytia are formed through the action of HA expressed in the cell plasma membranes. In this environment, HA may respond differently to acidification relative to HA in the native viral membrane envelope for a number of reasons. First, the distribution of HA on the cell surface may be different from that on a virus particle. Second, the curvature of the HA-expressing cell is much lower than that of the native virus particle. For either of these reasons, the energetics of fusion may change, resulting in syncytium formation at pHs different from those in the native case.
A second method monitors the fusion between the fluorescently labeled viruses (or cells expressing viral proteins) and liposomes (22, (24) (25) (26) (27) (28) or erythrocytes (29) using bulk fusion fluorimetry. The readout for fusion is a change in the fluorescent signal as the outermost leaflets of the virus and "host" membranes hemifuse together and the lipids mix. In this approach, the native virus is intact, and fluorescent probes easily register fusion functionality; however, an averaged fluorescence signal from the aggregated fusion behavior of many fusion events is obtained. Additionally, it is difficult to decouple binding kinetics from fusion kinetics in these assays as well as to confirm the formation of a complete fusion pore.
In the third method, the inherent change in tryptophan intensity can be monitored during the conformational change of HA (through exposure of the hydrophobic fusion peptide after acidification) (30) . These experiments require that HA be extracted from the viral membrane by using detergents and solubilized before the change in tryptophan intensity can be measured in bulk solution. Thus, it is not membrane fusion but the direct conformational change of the HA protein in the absence of any host membrane that is monitored with this method. This method is best suited to report the pH-dependent rate at which the protein conformational change occurs. However, it is important to keep in mind that HA may respond differently to acidic stimuli when it has been removed from the membrane.
The above-described three approaches are commonly used for studies of the HA response to acid treatment; however, there is an additional method that should be mentioned. Virions can be exposed to low pH, causing HA to undergo a conformational change. This is followed by protease exposure to partially digest the HA, exposing the fusion peptide to various degrees. The structure is then imaged by using electron microscopy (EM). Based on the EM micrographs, it is possible to assess the degree of peptide exposure and correlate this to the acid stability of HA with a specific pH pretreatment (29, 31) .
Overall, these assays are suitable methods for determining the approximate pH at which fusion first occurs, but each method targets different pH-sensitive aspects. Syncytium formation reports on full fusion but offers limited kinetic information about the process. Bulk fusion fluorimetry reports on hemifusion but not full pore formation. The tryptophan assay provides kinetic information about HA configuration changes but in the absence of any membrane. Protease exposure followed by EM imaging also assesses HA conformational changes but is less common due to its low-throughput nature. No one technique is capable of obtaining all the information that is valuable for characterizing acid stability and using it as a virulence marker. Ideally, we want two kinds of information from an assay. First, we want quantitative kinetic information about the fusion process facilitated by a particular HA subtype at a given initiation pH to compare responses across HAs. Second, we want to delineate HA pH sensitivity from HA acid stability by defining pH sensitivity as the pH where fusion first commences and acid stability as the ability of the HA to remain fusogenic under acidic conditions. To make such distinctions, it is beneficial to observe exactly when individual viruses start to hemifuse and how long HA remains fusogenic under various acidic conditions. These additional pieces of information can be easily obtained by using single-particle-tracking (SPT) techniques because individual virions are monitored.
In recent years, total internal reflection microscopy (TIRFM) has emerged as a powerful tool for SPT of the fusion activity of viruses (32) . Coupled with supported lipid bilayers (SLBs) and microfluidic fluid handling, TIRFM enables the user to directly visualize single fluorescently labeled virions fusing to an SLB within an evanescent field of 100 to 200 nm in depth. SLBs are advantageous, as their planar nature is amenable to high-resolution imaging, and receptors and other components are easily incorporated. Membrane fluidity is maintained, even on a glass support, because a ϳ1-nm-thick layer of water resides between the lipid head groups and the glass support. Fluidity is important, as it allows the lipids to undergo mixing during membrane fusion. While this system provides a means to carefully control the local environment of the virion and extract fusion data from individuals, we also note that as with any in vitro system, there are aspects that do not exactly match the in vivo system. These aspects include the presence of the glass support beneath the bilayer, limited complexity of the surrogate "host" membrane, and flat bilayer geometry. However, since all experiments will be done with the same constraints, comparisons across experiments should still provide a useful means to characterize strains and insight that can be used to understand how strains differ from each other.
SPT techniques also capture several steps of the viral entry process in a single assay. The kinetics of virus binding, hemifusion (the mixing of the outer leaflets of the viral and host membrane), and pore formation can be captured for a single virion with high spatiotemporal resolution. Because of these features, SPT approaches have unveiled new information about the fusion mechanism of influenza virus (33, 34) , vesicular stomatitis virus (VSV) (35) , Sindbis virus (36) , and coronaviruses (37) . Another advantage of SPT is the ability to pinpoint the time at which fusion activity stops at a given initiation pH, giving insight into how long virions may survive in acidic environments such as the endosome. The combined information on fusion rates and HA inactivation as they vary with pH more completely characterizes the acid stability and functionality of the HA protein and thus may provide critical information that will lead to an understanding of how strains may be able to succeed in infecting other hosts.
Here we used the SPT fusion assay to compare the acid stabilities of HAs from two laboratory-adapted strains, A/Aichi/1968/ H3N2 (X:31) and A/Udorn/1972/H3N2 (Udorn), and a recent clinical isolate, A/Brisbane/2007/H3N2 (Brisbane). We find that the most clinically relevant strain, Brisbane, is the most acid stable among these strains. In general, we show here that the highest pH that initiates fusion (pH sensitivity) is not necessarily the pH where the kinetics of fusion is fastest and most abundant. To correlate acid stability with virulence, it is beneficial to know how the rate of fusion, the extent of fusion, and the fusogenicity of HA depend on pH, as the pH at which fusion first occurs may not be the pH at which fusion is maximized by the infecting virus. These data for the three strains studied are provided here. Chemicals. The following lipids were used in these experiments: 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1-oleoyl-2-palmitoyl-snglycero-3-phosphocholine (POPC), cholesterol, and total ganglioside extract (TGE) (bovine brain). These lipids were obtained from Avanti Polar Lipids (Alabaster, AL). The fluorescently labeled lipid Oregon green 488 DHPE (1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine; Molecular Probes, Eugene, OR) was used to conduct fluorescence recovery after photobleaching (FRAP) experiments and to detect the pH drop in acidic flow experiments. Biotechnology-grade chloroform and methanol for preparation of vesicles were purchased from Sigma-Aldrich. Polycarbonate filters (Nuclepore; Whatman) with pore diameters of 100 nm and 50 nm were used in the preparation of vesicles. Glass coverslips (25 mm by 25 mm; no. 1.5) from VWR were used as supports for the bilayers. Sulfuric acid and hydrogen peroxide, used to clean the glass coverslips, were purchased from VWR. Polydimethylsiloxane (PDMS; Sylgard 184), used to fabricate microfluidic flow cell devices, was purchased from the Robert McKeown Company (Branchburg, NJ). Sodium chloride salt (NaCl) and 2-(N-morpholino)ethanesulfonic acid sodium salt (MES), used to make buffers, were purchased from VWR.
MATERIALS AND METHODS

Cells
Octadecyl rhodamine B chloride (R18) and sulforhodamine B (SRB), used to label the virus, were purchased from Molecular Probes (Eugene, OR). G-25 spin columns used for virus labeling and purification were purchased from GE Healthcare. Triton X (J. T. Baker) detergent, used for virus labeling optimization, was purchased from VWR.
Rhodamine 110 chloride and 1-octadecanol were purchased from Sigma-Aldrich for the synthesis of the rhodamine 110 octadecyl ester (R110C18). The concentrated sulfuric acid used to start the synthesis reaction was purchased from VWR, and the triethylamine used to stop the reaction was purchased from Acros Organics. Silica gel 60 (63-to 200-m particle diameter) was purchased from EMD, and neutral alumina (50-to 200-m particle diameter) was purchased from Dynamic Adsorbents, Inc., in order to purify the dye product by using column chromatography. Isopropanol, chloroform, and methanol were all purchased from VWR to make the elution solvents.
Virus growth in eggs. One hundred microliters of 1/10,000-diluted influenza virus Udorn (ϳ4 ϫ 10 8 PFU/ml) and Brisbane (ϳ2 ϫ 10 8 PFU/ ml) was inoculated in the allantoic cavity of 40 10-day-old embryonated eggs. The eggs were candled, incubated at 37°C for 2 days, and cooled overnight at 4°C prior to harvesting. Allantoic fluid was collected from the eggs in 50-ml Falcon tubes. The allantoic fluid was spun down in an Eppendorf centrifuge at 3,000 rpm for 30 min to remove egg debris. The supernatant was collected, and the pellets were discarded. The supernatant was ultracentrifuged in a Ti45 rotor at 35,000 rpm for 90 min. The supernatant was discarded, and pellets containing virus were resuspended in approximately 2 ml of phosphate-buffered saline (PBS) per 60-ml ultracentrifuge tube. The resuspended virus was passed through a sterile filter and aliquoted for storage at Ϫ80°C.
Determination of viral titers. Plaque assays were carried out in confluent MDCK cells by using X:31, Brisbane, and Udorn. Serial dilutions of purified influenza virus were made in RPMI (Roswell Park Memorial Institute) medium at pH 6.8 and stored on ice. MDCK cells were washed twice with RPMI medium. One milliliter of each dilution was adsorbed to different wells and incubated with gentle rocking at 37°C for 1 h. The viral inoculum was then aspirated, and cells were washed twice with RPMI medium. Two milliliters of an agarose-DMEM-trypsin solution was added to each well. The agarose-DMEM-trypsin solution was comprised of 2% sea plaque agarose in water and 2ϫ DMEM containing 0.2% bovine serum albumin (BSA) at pH 7.4 and 4°C and transferred into a humidified CO 2 incubator for 24 to 36 h. Plaques should be visible as opaque areas after 24 h. The cells were then stained with crystal violet to determine the titer of each virus. The viral titers were determined to be 5 ϫ 10 9 PFU/ml, 2.3 ϫ 10 8 PFU/ml, and 1.8 ϫ 10 7 PFU/ml for X:31, Udorn, and Brisbane, respectively.
Syncytium assay for cell-cell fusion by HA. Monolayers of Vero E6 cells were grown in 24-well plates and infected with influenza virus at a multiplicity of infection of 5. At 6 h postinfection, cells were treated with trypsin at 3 g/ml for 30 min at 37°C to activate HA expressed on the cell membrane. Cells were then incubated with low-pH buffer for 5 min at 37°C and then neutralized with DMEM. Cells were incubated at 37°C for 1 h and stained with 4=,6-diamidino-2-phenylindole (DAPI) (Quickstain kit; Invitrogen). Images were captured by using a Zeiss Axio Observer.Z1 inverted microscope.
Synthesis of R110C18. For experiments examining membrane hemifusion, R110C18, a green-emitting, lipophilic fluorophore, was used. We synthesized this label in-house from rhodamine 110 chloride and 1-octadecanol. The synthesis procedure was reported previously (33, 34) and is described here briefly. In a reaction vial, 7.5 g of 1-octadecanol and 30 mg of rhodamine 110 chloride were mixed together at 80°C. Once the octadecanol melted, 100 l of concentrated sulfuric acid was added to catalyze the dye conjugation reaction. The reaction was run for 48 h at 80°C and halted by the addition of 600 l of triethylamine. The reaction mixture was cooled to room temperature, dissolved in 200 ml of diethyl ether, and then filtered, leaving behind a solid product. A chromatography column was prepared so that there was a 1-cm-high silica slurry at the bottom with a 10-cm-high alumina slurry above, both soaked in 10% isopropanol in chloroform. The product was loaded onto the column and eluted with 100 ml each of 10%, 20%, 30%, and 40% isopropanol in chloroform, in that order, to remove excess octadecanol. The R110C18 product was eluted by using a 10% methanol-20% isopropanol-70% chloroform solution. Flu-orescent volume fractions were dried under nitrogen and then vacuum desiccated, leaving behind R110C18 powder, which was subsequently used to label viruses.
Virus labeling. Influenza virus membranes were labeled with the lipophilic fluorophore R18, a red-emitting fluorophore, or R110C18, a green-emitting fluorophore, at sufficient concentrations to (semi)quench fluorescence, according to standard procedures (28, 38) . Virus internal contents were labeled with SRB, a red-emitting fluorophore.
Liposomes. Lipid vesicles were prepared by using a 4:4:2:0.5 molar ratio of DOPC, POPC, cholesterol, and total ganglioside extract. For acidic flow experiments, 0.01 mol% Oregon green DHPE lipid was added to the formulation. To form liposomes, appropriate amounts of each component were mixed in biotechnology-grade chloroform in a scintillation vial. The bulk solvent was removed from the vial under a stream of high-purity nitrogen gas and then placed into a desiccator under a vacuum overnight to ensure complete evaporation of all solvent. Phosphatebuffered saline at pH 7.4 was added to the dried lipid film, and the film was gently resuspended in a sonication bath (model no. BD2500A-DTH; VWR) for 20 min on the "low"-power setting. The final lipid concentration was approximately 2 mg/ml. Liposomes were then extruded twice through a polycarbonate filter (Nuclepore; Whatman) with a 100-nm pore size and five times through a filter with a pore size of 50 nm. The average liposome diameter for all formulations ranged between 90 and 100 nm, as determined by dynamic light scattering (Malvern).
Supported bilayer surface preparation. Glass microscope coverslips (25 mm by 25 mm; no. 1.5) were cleaned in piranha solution (70% sulfuric acid, 30% hydrogen peroxide). Slides were immersed in 150 ml of piranha solution for 10 min. The slides were subsequently rinsed for 30 min with copious amounts of deionized water with a minimum resistance of 18.2 M⍀·cm obtained from a Siemens Purelab Ultra water purification system. Clean slides were stored under deionized water and then dried with a stream of ultrapure nitrogen gas prior to use.
Microfluidic device fabrication. Microfluidic devices for fusion experiments were fabricated by using soft lithography as described previously (33) . Both the clean glass coverslip and microfluidic device mold were treated with oxygen plasma by using a Harrick plasma cleaner (model no. PDC-32G; Harrick, Ithaca, NY) at a pressure of 750 m on the "high" setting for 25 s. Gently pressing the surfaces together resulted in a tight bond between the glass and PDMS and formed the four walls of the microfluidic channel.
Supported lipid bilayer formation. Supported lipid bilayers were formed in the flow cell via vesicle fusion (39) (40) (41) by drawing a 10% dilution of liposomes into each channel at a flow rate of 100 l/min for 1 min using a syringe pump (PHD 2000 Infuse/Withdraw; Harvard Apparatus, Holliston, MA). After 1 min, the flow rate was reduced to 10 l/min for 10 more minutes and then stopped to allow the channel to incubate for an additional 10 min. After this incubation, a fresh solution of liposomes was drawn into the channels and incubated for an additional 5 min to ensure a defect-free bilayer and complete coverage of the channel walls. The channels were then rinsed with buffer A (150 mM NaCl, 1.5 mM MES, 5 mM citric acid) for 2 min at 100 l/min to remove unfused liposomes. Labeled virus was then pumped into the channels at 30 l/min and allowed to incubate for 20 min. After the first incubation, additional virus was pumped into the channels and incubated for 10 min, and this was repeated until the desired surface density was reached.
Bilayer integrity. The integrity of bilayers and diffusion of the lipids within them were examined by FRAP. To measure the diffusion coefficient and mobile fraction of the lipid bilayer, liposomes of the same composition used in experiments were prepared with 0.1 mol% Texas Red DHPE (Molecular Probes, Eugene, OR). A 10% dilution of liposomes in buffer A was incubated in a PDMS well attached to a piranha-cleaned slide. Liposomes were allowed to incubate for 10 min in each solution, before being rinsed with buffer A at pH 7.0 for 1 min. The bilayer was scratched with a dissection tool to remove a thin line of bilayer to aid in focusing on the plane of the bilayer on the microscope. Following the scratching step, the bilayer was rinsed again for 1 min with buffer A to wash out any lipids removed by scratching. A 20-m-diameter spot in the supported lipid bilayer was bleached with a 4.7-mW, 561-nm kryptonargon laser for 1,000 ms. The recovery of the intensity of the photobleached spot was recorded for 15 min. The fluorescence intensity of the bleached spot was determined after background subtraction and normalization for each image. The recovery data were fit by using a Bessel function according to the method of Soumpasis (42). The diffusion coefficient was then calculated by using the equation , where w is the full width at the half-maximum of the Gaussian profile of the focused beam.
TIRFM configuration. Fusion assays were carried out by using total internal reflection fluorescence microscopy using an inverted Zeiss Axio Observer.Z1 instrument with a ␣ Plan-Apochromat 100ϫ oil objective with a numerical aperture (NA) of 1.46. Index-matching liquid (Carl Zeiss, Inc.) was used to couple the glass coverslip of the flow cell device to the objective. In this setup, two lasers can be used simultaneously to excite different-colored fluorophores; we used 561-nm and 488-nm excitation wavelengths from solid-state lasers. These lasers were coupled into the optical pathway of the microscope by using a Laser TIRF 3 slider (Carl Zeiss, Inc.), which controlled the angles of incidence. Exceeding the critical angle (ϳ62°) ensured total internal reflection of the lasers and created evanescent waves that were ϳ100 nm thick. The evanescent waves excited fluorescently labeled virus bound to sialic acid groups of the ganglioside lipids comprising the lipid bilayers, which were positioned within several nanometers of the glass-water interface. The excitation laser light was band-pass filtered through a Semrock 74 HE green fluorescent protein (GFP)/mRFP filter cube and then combined with a dichroic mirror before being focused on the outer edge of the back aperture of the objective.
Membrane hemifusion assay. We define hemifusion as the mixing of the two outermost leaflets of the viral and SLB membranes, when lipid mixing occurs but a fusion pore has not yet opened. In this experiment, the formation of bilayers, virus binding, and rinsing steps were conducted as described above. Hemifusion was initiated by flowing buffer A (150 mM NaCl, 1.5 mM MES, 5 mM citric acid) precalibrated over a range of low pH values into the flow cell at a flow rate of 100 l/min for 2 min. The time at which acidification of the flow cell occurred was marked by a significant decrease in the fluorescence of Oregon green DHPE present in the supported bilayer for this purpose. Images were collected at intervals of 100 ms for 3 or 4 min.
Pore formation. For pore formation experiments, virus was labeled with a green-emitting fluorophore (R110C18), as described above, and an internal dye, SRB. First, 10 l of 20 mM SRB was added to samples of 5 l of X:31, 20 l of Brisbane, and 20 l of Udorn. Two hundred microliters of buffer A was added to each sample, and the sample was allowed to incubate for 16 to 20 h with gentle agitation. Excess SRB was removed from labeled virus by using a G-25 spin column for 2 min in a centrifuge at a speed of 3,000 rpm. Next, 3.5 l of R110C18 was added to the supernatant collected from each column, and the mixture was placed into a bath with gentle sonication for 90 min. After sonication, the mixture was again filtered through a G-25 spin column. The supernatant was then diluted in 1 ml of buffer A.
Transmission electron microscopy. For transmission electron microscopy (TEM) imaging, 5 l of virus was adsorbed onto Formvar/lacy carbon-coated 300-mesh TEM grids for 1 min. Excess virus was wicked away with filter paper, and grids were stained with 1% aqueous uranyl acetate for 15 s. Excess stain was blotted away, and the samples were air dried. Samples were viewed by using a 120-kV FEI T12 Spirit TEM instrument at the Cornell Center for Materials Research (CCMR). Images were then transferred for analysis by ImageJ.
RESULTS
Single-virion fusion experiments.
We monitored the individual virion membrane fusion of X:31, Udorn, and Brisbane to supported lipid bilayers (SLBs) on a microfluidic platform using TIRFM. By changing the angle of the incident laser, an evanescent wave is created at the SLB, resulting in a region 100 to 200 nm in depth, where individual virions bound to the SLB can be observed. SLBs comprised of a mixture of zwitterionic lipids, cholesterol, and total ganglioside extract (TGE) were formed on the walls of the microfluidic device. TGE contains sialic acid and serves as the host receptor to bind virions and localize them in the evanescent field. Prior to fusion assays being carried out, fluidity of the supported lipid bilayer was confirmed by using fluorescence recovery after photobleaching (FRAP). The average diffusion coefficient for three samples was determined to be 0.79 Ϯ 0.04 m 2 /s. HA-mediated membrane fusion is a multistep process requiring first hemifusion and then pore formation. Hemifusion commences when HA undergoes a conformational change due to acidic stimuli. The hemifusion step can be easily monitored by using TIRFM to report membrane mixing following acid triggering of HA, which is convenient for characterizing HA acid stability among these three H3 strains. To distinguish hemifusion from pore formation, virions are labeled by using a 2-color dye approach. The viral membrane is labeled with a self-quenching green dye, octadecyl rhodamine 110 (R110C18), and the viral interior is labeled with a red sulforhodamine B (SRB) dye. Fusion is then triggered by acidifying the channel with an acidic buffer (pH Ͻ6). Upon acidification, the outer leaflets of the virus and SLB mix, resulting in a fluorescent spike that signals dequenching. A second distinct feature of lipid mixing is the radial diffusion of the dequenched fluorophore away from the site of fusion, further confirming that hemifusion has occurred.
A series of TIRFM images depicting hemifusion events for X:31, Udorn, and Brisbane at pH 4.5 is shown in Fig. 1A to C. For each strain of virus, between 50 and 200 events were observed, depending on the pH of the acidic buffer used to trigger fusion. The hemifusion lag time, defined as the time that elapsed between acidification and the appearance of the hemifusion spike, was determined for each individual fusion event over multiple experiments. A cumulative distribution curve was plotted for each pH examined, by plotting the frequency of hemifusion events as a function of the times of the onset of each individual hemifusion event. The cumulative distribution curves were then fit with a cumulative gamma distribution function to determine the kinetic rate constants and parameters for each initiating pH value by using the following equation:
In this equation, p H is the probability of hemifusion, k H is the hemifusion rate constant, t is the hemifusion lag time, and N is a fit parameter that describes the number of steps in the fusion pathway. Mathematically, N represents the number of independent Poisson processes that are convoluted into the gamma function (43) , but within the context of virus fusion, N is often interpreted as the minimum number of virus fusion proteins that are required to carry out hemifusion (32, 34) . The gamma distribution was best fit to our data by using nonlinear least-squares fitting, according to previously reported work using this function to describe the fusion kinetics of class I viruses, including influenza virus (33, 34, 44, 45) and coronaviruses (37) .
We characterized the fusion behaviors of three H3 strains over a range of initiation pHs. The hemifusion rate varies significantly among these strains depending on the pH used. In Fig. 1D , fusion was triggered at pH 4.5. The rates of hemifusion of X:31 and Udorn are almost identical, as the data nearly overlap, while Brisbane is shifted later. In Fig. 1E , fusion was triggered at pH 5.3. Here X:31 and Brisbane nearly overlap, while Udorn hemifusion occurs earlier.
To characterize hemifusion more completely among these strains, experiments were carried out over a wider range of pHs. In Fig. 2 , the rate constant k H and the minimum number of proteins participating in fusion, N, are plotted as a function of initiating pH. These data indicate that both X:31 and Udorn have regions of highly pH-sensitive kinetics. In contrast, the rate of fusion of Brisbane is not nearly as sensitive to pH over the same pH range, and the kinetics are significantly slower overall than those of other strains. Looking at the N parameter from the fits (Fig. 2, bottom) , it appears that X:31 and Udorn in general require ϳ3 cooperating proteins over most of the physiological pH range. In contrast, Brisbane matches N at high pH but then exhibits a downward trend in N as the pH drops until leveling off in the range of N values of ϳ1 to 2.
Fusion activity for X:31 is first observed at initiation pH 5.3. At mildly acidic initiation pHs, the rate of hemifusion is low but jumps to a rate about four times higher at pH ϳ4.7. This maximum fusion rate aligns with data in a previous report by Krumbiegel et al. (30) , who showed by tryptophan intensity measurements that the conformational change of H3/X:31 occurs fastest at pH ϳ4.9. Udorn shows some fusion activity starting at pH 5.9, but its activity becomes more appreciable at pH ϳ5.7. From here, its rate steadily increases to a maximum at pH ϳ4.5. Comparing the two strains, these kinetic data indicate that after endosomal uptake, Udorn may be more likely to fuse with the endosomal membrane and release its genome earlier in the pathway than X:31. Udorn's fusion rate also significantly increased at a higher pH than X:31, which may also indicate that more fusion activity occurs in early endosomes for Udorn than for X:31.
The most clinically relevant strain, Brisbane, has a dependence on pH that is markedly different from those of the laboratoryadapted strains. The first fusion activity was observed at pH 5.5; however, from this point on, the rate of Brisbane hemifusion was nearly independent of pH. Furthermore, its value is almost five times lower than those of X:31 and Udorn at their maximum fusion pHs. Given this behavior, it is expected that the release of the Brisbane genome would occur at a lower rate but over a broader pH range, resulting in a significantly acidic environment (late endosome) before the genome is released in some cases.
Based on these pH sensitivity profiles, one could rank the fusion activity based on pH as follows: Udorn, X:31, and Brisbane. This order may then reflect the stage of maturation of the endosome as well (early to late endosomes). However, it is important to also compare the acid stability (how long the virus can remain fusion active in an acidic environment) and the extents of fusion in distinguishing the fusion activities among strains. We discuss these points below.
Pore formation. Pore formation occurs after hemifusion, and this step is marked by a rapid decrease in the signal from the SRB fluorophore as the viral pore opens and the internal contents are released. As pore formation is not expected to depend on pH (45), we show these data primarily to illustrate that virus fusion is capable of proceeding through the formation of a pore on our SPT platform. For pore formation experiments, virus was dually labeled with a green-emitting fluorophore (R110C18) at a sufficient concentration to quench fluorescence in the membrane and an internal capsid dye, SRB. The rate constant for the transition from hemifusion to pore formation was determined by measuring the elapsed time between the dequenching of R110C18 in the viral membrane and the loss of the SRB signal in the viral interior. These data were then plotted as a cumulative distribution and fitted with a gamma distribution to determine k pore for each strain of virus. The rates of transition from hemifusion to pore formation (k pore ) were determined to be 0.08 s Ϫ1 , 0.39 s Ϫ1 , and 0.23 s
Ϫ1
for X:31, Udorn, and Brisbane, respectively (Fig. 3) , at a triggering pH of 4.5. Note that if the transition from hemifusion to pore formation is a one-step rate process, then the gamma distribution will reduce to a simple single exponential decay (this occurs when N equals 1). The fits yield N values of ϳ1 for all strains used here, which is in agreement with data reported in the literature (19, 34) . In these experiments, it was determined that Ͻ10% of virions that contained both membrane and internal labels underwent both hemifusion and pore formation in a given experiment. This percentage is low but within the typical range of percentages in our experience and those reported in the literature (34) . There are two reasons for this low percentage. First, not all virions are active or fusion competent. Even those obtained from a "standard" supplier, e.g., Charles River Labs, typically have up to 40% active particles, according to the highest fusion extents that we have observed in our experience. The second issue is efficiency in dual labeling. To observe both steps, one particle must be labeled with both fluorophores such that the membrane dye is quenched and enough internal dye has partitioned into the particle to see the fluorescence drop when the pore forms. The number of particles that achieve these conditions is low in any given experiment. Thus, to obtain enough statistics for the analysis, pore formation events were measured over 3 experiments for X:31, Udorn, and Brisbane, and data were combined before plotting as cumulative distributions. The final numbers of events for each strain were as follows: 31 events for X:31, 21 events for Udorn, and 33 events for Brisbane.
Virus morphology. Egg adaptations have been shown to affect the morphology of influenza virus, resulting in the selection of pleomorphic particles over filaments that naturally occur in clinical isolates (46, 47) . X:31, Udorn, and egg-adapted strains of influenza virus have been passaged through eggs many times. The sample of Brisbane used in this experiment was passed through eggs twice after clinical isolation; thus, Brisbane is the least eggadapted strain. It is possible that the fusion of filaments would be different from pleomorphic particles and thus change fusion kinetics. To rule out this possibility as the reason for the change in fusion behavior and kinetics observed here, we characterized the size and shape of each virus subtype and show that the virions used here were spherical.
Dynamic light scattering was used to measure the average diameter of virions (Fig. 4A ). Both X:31 and Udorn had monodisperse populations with average hydrodynamic diameters of 178 nm and 157 nm, respectively. Brisbane had two populations at 141 nm and 712 nm. However, the peak at 712 nm is most likely aggregated virus, as transmission electron micrographs did not reveal any filaments to be present in the sample (Fig. 4D) . Udorn virus can contain a small population of filaments (48, 49) ; however, TEM of both Udorn and X:31 showed that neither strain contained any filaments ( Fig. 4B and C) . Thus, the differences in fusion kinetics observed here are not due to differences in virion morphology among these strains.
Extent of fusion. One measure of HA stability could be to compare the overall extents of fusion among strains. Using fusion data collected from SPT, we also calculated the extent of hemifusion for each virus strain, which is simply defined as (number of fused virions)/(number of bound virions at t 0 ) ϫ 100%. In Fig. 5 , the extents of fusion for each strain are plotted against the initiating pH. In general, the extents of fusion increase slightly with decreasing pHs for all strains examined here. The X:31 and Brisbane strains nearly overlap, while Udorn appears to have a slightly higher percentage of fusion across the pH range tested. If the final extent of fusion is considered a measure of the acid stability of the strain at a given pH, then these strains all appear to have similar acid stabilities, with the Udorn strain being slightly more acid stable. However, if one instead tracks the length of time that the virus remains fusion active, we see that these strains exhibit very different stability behaviors.
HA acid inactivation. By examining the distribution of hemifusion events over time as a function of pH for each strain, more insight into the acid stability of each virus is obtained. For both laboratory-adapted strains X:31 and Udorn, as the pH decreases, so too does the time at which the final fusion event takes place, indicating that acidification is deactivating HA. For example, at pH 5.7, Udorn fusion events occur until ϳ150 s postacidification (Fig. 6B) . At pH 4.5, all fusion activity ceased after ϳ40 s. The same overall trend in deactivation was observed for X:31 (Fig. 6A) . The trend for Brisbane fusion was markedly different from that of both laboratory-adapted strains. Here the time at which the last Brisbane fusion events occurred did not vary significantly with pH, much like its rate of fusion. Between pH 5.5 and 4.5, the final fusion events occur ϳ150 s after acidification (Fig. 6C) . These data indicate that Brisbane is more acid stable at low pH than both X:31 and Udorn.
Comparison to traditional syncytium assays. Typically, the pH sensitivity of HA is determined by using cell-cell fusion (syncytium formation) or virus-liposome fusion assays, which report the pH at which fusion first occurs. HA serotypes that mediate fusion at lower pHs are deemed to be more acid stable than serotypes which undergo fusion at higher pHs. To facilitate comparing and contrasting the SPT data to these more traditional assay results, we tracked the pH where virus fusion was first observed by SPT (Fig. 7A ) and by syncytium formation (Fig. 7B) . Focusing first on the pH at which fusion was first detected by SPT (Fig. 7A , black bars), the pH sensitivity of X:31 is in good agreement with data reported previously by Galloway et al. (15) , who showed acid stability by using cell-cell fusion assays and luciferase gene reporter assays. We also observed that all three H3 strains began fusion at between pH 5.3 and 5.9. If one simply used the pH at the onset of the first fusion event to characterize acid stability, it would appear that from the most to least acid stable, these strains would rank as follows: X:31, Brisbane, and then Udorn.
We also measured the pH of HA-mediated fusion by monitoring syncytium formation in Vero E6 cells infected with the X:31, Udorn, and Brisbane strains. At 6 h postinfection, HA was proteolytically cleaved with trypsin, and cells were then exposed to acidic buffer in decreasing increments until multinucleated bodies formed (Fig. 7B) . The pHs at which fusion first occurs for X:31, Udorn, and Brisbane are 5.3, 5.7, and 5.5, respectively. Data gathered by using this method of assessing pH sensitivity are in general agreement with the SPT data presented in Fig. 7A .
However, when we examined the fusion kinetics and tracked how long virions remained fusogenic using the SPT assay across a wider pH range (as in Fig. 2 and 6 ), we observed that the fusion activities of these strains are really quite different. First, the pH dependencies of fusion kinetics are all distinct among these strains. Second, X:31 and Udorn have similar HA stabilities across the pH range, but Brisbane is the clear winner in stability among these strains at low pHs.
DISCUSSION
The goal of this study was to use individual virion fusion assays to gain more insight into variations in acid stability within the H3 subtype of influenza virus HA. Acid stability was recently linked to transmissibility and virulence of HPAI in mammalian hosts (17, 18, 19, 21) . We performed single-particle-tracking assays on three different strains of influenza virus, A/H3N2/Aichi/1968 (X:31), A/H3N2/Udorn/1972 (Udorn), and A/H3N2/Brisbane/2007 (Brisbane). Using SPT, we show here that the highest pH that initiates fusion is not necessarily the pH at which the kinetics of fusion is fastest and most abundant. From a statistical standpoint, it is beneficial to know how the rate of fusion depends on pH to correlate HA function to virulence, as the pH at which fusion first occurs may not be the pH at which the fusion rate is maximized by the infecting virus. Note that X:31 and Udorn have been passaged many times in eggs and are highly adapted to this expression system. Brisbane, however, is a recent clinical isolate that has been passaged in eggs three times at most; thus, it is the most clinically relevant strain tested. Using SPT, we determined that the first fusion events for each of the above-mentioned strains began at pH 5.3, 5.9, and 5.7, respectively. These data indicate that Udorn is the least acid stable, having fusion activity at the highest pH, and that X:31 is the most stable, requiring the lowest pH to see any fusion activity. However, single-particle analysis of each strain's fusion trend as a function of decreasing pH revealed that the kinetics of Brisbane fusion are essentially independent of pH, while the rates of fusion of Udorn and X:31 are quite sensitive to pH, especially in the physiological range. We also found that at lower pHs, X:31 and Udorn become inactivated quickly in an acidic environment, whereas Brisbane maintained a constant level of acid stability across the examined pH range. Finally, the overall trends in the extents of fusion as they varied with pH stayed relatively similar among the strains: slightly increasing as the pH dropped for all strains.
Syncytium assays are a standard measurement for determining the stability of a given HA protein under acidic conditions. The data presented in this paper highlight how these assays do not provide enough information about the subtleties in the differences in fusion activity among strains. By determining the first pH at which HA mediates fusion in syncytium-based assays, it is really only the pH sensitivity of HA that is being measured. It is important to note that the first pH at which syncytia are formed does not necessarily correlate with the exact pH at which the rate of fusion is maximized inside the endosome. A more accurate measure of the actual acid stability in relation to membrane fusion is to determine how long HA can remain fusogenic in different acidic environments. Because individual virions are monitored continuously in time over several minutes at high frame rates in SPT, it is straightforward to determine the time at which membrane fusion stops across the field of view and thus when HA fusogenicity ceases.
In summary, SPT fusion assays provide several important pieces of data in one assay that assist in understanding how strains vary in fusion behavior. First, this assay can determine the pH at which fusion is first initiated, which provides a measure of pH sensitivity and is in agreement with results obtained by other traditional methods, e.g., syncytium assays. Second, the kinetics of fusion as it varies with initiating pH can be obtained, and trends can be compared. Here we observed a strong dependence of rate on initiating pH for X:31 and Udorn but little dependence of the rate on pH for the Brisbane strain. Brisbane's rate of fusion was the lowest among these strains as well. Third, it is possible to track how long virions remain fusogenically active in various acidic environments to obtain a measure of the acid stability of HA. Here we found that for the most clinically relevant strain, Brisbane, fusogenic activity was least affected by low pH, while both laboratory-adapted strains X:31 and Udorn deactivated quickly under acidic conditions. Thus, our data support that Brisbane is also the most acid stable among these strains. Finally, the extents of fusion for each strain at each initiating pH can be obtained by tracking virions that fuse and those that do not. For the three H3 strains examined here, the extents increased slightly with decreasing pH, with similar slopes.
Considering all these data, it appears that the laboratoryadapted strains may have evolved to compensate for the faster HA deactivation at low pH with commensurate increases in the rate of fusion (k H ) and in the number of proteins required to carry out fusion (N). In terms of viral infection, the acid stability of the virus can indicate whether infection may or may not be successful and is coupled directly to HA function. The timing of vRNA release is crucial for successful infection. If the vRNA is released in the early endosome, it could be too far from the perinuclear region and undergo degradation before replication can take place in the nucleus. However, the HA acid stability must achieve a balance wherein the HA protein is not so stable that it becomes degraded in a late endosome before the vRNA can be released. It appears from our results that there may be an advantage for laboratoryadapted viruses to fuse fast at lower pHs to ensure that their genome escapes the endosome before HA becomes inactivated. On the other hand, there may be some advantage for viruses like Brisbane, with lower fusion rates but a sustained ability to remain fusogenic in acidic environments, in that they can release their genome over a wider range of endosomal stages. What is clear influenza virus. Cells were exposed to increasingly acidic buffer until syncytia were observed. The first syncytia were observed at pH 5.3, 5.7, and 5.5 for X:31, Udorn, and Brisbane, respectively. Formation of syncytium at pH 5.1 for all strains is also shown for reference. These cells were stained with DAPI to visualize multinucleated cells that arise after the HA-mediated fusion of two or more Vero cells. from this work is that these H3 strains exhibit very different fusion characteristics and behaviors, which may hold some clue for eventually understanding host tropism.
